As the basis of a diverse set of photonic applications, such as hologram imaging, polarization, and wave front manipulation, the local phase control of electromagnetic waves is fundamental in photonic research. However, currently available bulky, passive, range-limited phase modulators pose an obstacle in photonic applications. Here, we propose a new mechanism to achieve a wide phase modulation range, with graphene used as a tunable loss to drive an underdamped to overdamped resonator transition. Based on this mechanism, we present widely tunable phase modulation in the terahertz regime, realized in gate-tuned ultrathin reflective graphene metasurfaces. A one-port resonator model, supported by full-wave simulations, explains the underlying physics of the discovered extreme phase modulation and indicates general strategies for designing tunable photonic devices. As an example, we demonstrate a gate-tunable terahertz (THz) polarization modulator with a graphene metasurface. Our findings establish the possibility for photonic applications based on active phase manipulation.
The phase modulation of electromagnetic (EM) waves is crucial in photonics research. This is best exemplified by the Huygens principle: A far-field EM wave front is essentially determined by the phase distribution in a given near-field plane [1] . The ability to control the local EM phase has led to relevant photonic applications such as holographic imaging [2] [3] [4] [5] [6] , polarization manipulations [7] , and wave front control [8] [9] [10] . Such a phase modulation was conventionally achieved by modulating the refractive index of bulk materials (including both natural materials [11] and recently studied metamaterials) [12] [13] [14] [15] . The dimensions of such systems are typically on the order of working wavelength λ [2, 11] and therefore too bulky for optical integration. Metasurfaces, which are ultrathin metamaterials consisting of planar subwavelength units, have been used to achieve phase modulations covering the full range of 360° [9, 10, [16] [17] [18] [19] . However, currently available metasurface-based phase modulators are mostly passive elements that cannot be tuned externally. Although gatecontrolled graphene has been employed to tune the resonance in photonic systems, previous efforts have either focused solely on amplitude modulations [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] or resulted in a relatively narrow phase-tuning range [37, 38] .
In this paper, we propose a new mechanism to significantly enlarge the phase-modulation range and demonstrate its capability in an ultrathin metasystem (thickness ≈λ=10) with gate-tuned graphene integrated. We show that a gate bias applied to graphene through an ion liquid tunes its optical conductivity, transforms the coupled system from an underdamped resonator to an overdamped one, and drastically modulates the phase of the reflected wave. Within the coupled-mode theory (CMT) [39] framework, we develop an analytical model that captures the essence of our phasemodulation mechanism: a one-port resonator-a resonator with only one reflection channel-can drive the phase of the reflected wave across a AE180°transition when the losses in the resonator are fine-tuned (in our case, by graphene). This is in stark contrast to the two-port resonator (with both reflection and transmission channels) commonly used in previous studies [37, 38, 40, 41] , in which only a small phase modulation has been possible. The proposed method suggests new design strategies for future active phase modulators. As an application of our findings, we present the experimental realization of a tunable THz polarization modulator based on our gate-controlled graphene metasurface.
The structure of our graphene metasurface is schematically shown in Fig. 1(a) . The metasurface is a five-layer structure that we fabricate sequentially, starting from the bottom layer. An Al film is first evaporated onto a SiO 2 =Si substrate [not shown in Fig. 1(a) ], and the film serves as a completely reflective surface for incident THz waves. Subsequently, we coat a layer of cross-linked photoresist SU8 (MicroChem), and then fabricate an array of Al mesas [ Fig. 1(b) ] on the layer by using standard optical lithography. The Al plane and the mesa array (both with a thickness of approximately 50 nm) form a magnetic resonator because a circulating ac current is induced by a normally incident THz wave; the magnetic resonator is the focus of the current study [42, 43] . The SU8 layer serves as a spacer between the Al plane and the mesa, and its thickness determines the coupling between the Al plane and the mesa. Finally, a layer of graphene is transferred onto the structure and subsequently covered by a layer of gel-like ion liquid. A gate bias V g applied between the graphene layer and a top gate is used to tune the resistance of graphene [26] [the peak resistance corresponds to the charge-neutral Dirac point V D , as shown in Fig. 1(c) ] and to modulate the loss of the resonator. The Dirac point of graphene shifts to V D ≈ 1 V once it is transferred onto the metasurface. The shift is most likely induced by the charged impurities present around the graphene, and it does not affect our experiment. (Details of the device fabrication and characterization are discussed in Supplemental Material [44] .) Once the devices are fabricated, we use THz time-domain spectroscopy to measure their reflection spectra for both amplitude and phase in a setup schematically depicted in Fig. 1(d) . The thickness of the functional part of the device (excluding the optional SiO 2 =Si substrate) is on the order of λ=10.
A variation in the graphene resistance, associated with the gate, drastically changes the resonance behavior of the proposed metasurface, leading to a phase modulation of AE180°. This is demonstrated on a device with an 85-μm-thick SU8 layer, with the incident THz wave polarized along the long axis of the Al mesas (100 μm × 160 μm rectangles). The reflectance and associated phase spectra for varying gate voltages are shown in Figs. 2(a) and 2(b) and Figs. 2(c) and 2(d), respectively. The gate voltage relative to the Dirac point ΔV g (ΔV g ¼ V g − V D ) determines the doping level of graphene, and we use the nearly featureless spectrum at the highest doping level (ΔV g ¼ 2.02 V) as the reference. At the Dirac point (ΔV g ¼ 0), where graphene has the maximum resistance (and therefore, a minimal effect on the optical response of the underlying structure), we observe a resonance dip in the reflectance at f ¼ 0.31 THz, and the phase shows a continuous 360°v ariation across the resonance frequency: both observations are typical of the intrinsic behavior of a magnetic resonator [7, 42] . As the doping level starts to increase from zero on the electron side [ΔV g > 0, Fig. 2(a) ], the reflectance at resonance drops continuously. The resonator maintains an overall magnetic response with the same 360°phase variation, although the bandwidth narrows [ Fig. 2(c) ]. However, a further increase in the gate bias beyond a critical voltage (ΔV C ¼ 0.76 V) fundamentally changes the behavior of the resonator; the reflectance at resonance starts to increase as ΔV g increases [ Fig. 2(b) ]. Notably, the phase spectrum stops showing a magnetic-resonance characteristic, but exhibits a decreasing phase variation centered at 0°. Our results clearly demonstrate an absolute phase modulation of AE180°associated with the gate at frequencies around the resonance, and, more importantly, they indicate a critical transition at ΔV g ¼ ΔV C in our metasystem. Such a transition is shown clearly in Figs. 4(a) and 4(d), where the critical transition points are seen in the reflectance and phase, both of which are measured as functions of the gate voltage and frequency. The resonator shows similar critical behavior on the hole side of the doping (ΔV g < 0); a detailed discussion is presented in Supplemental Materials [44] .
The maximum phase modulation achieved using the present scheme is not limited to 180°; a much larger phase modulation can be achieved using two slightly different graphene metasurfaces gated independently [elements of devices A and B are illustrated in Figs. 3(a) and 3(b) , respectively]. The large phase modulation is possible because gate doping modulates the phase in the range from approximately −180°to 0°at frequencies immediately above the resonance frequency in device A [ Fig. 3(a) ], while simultaneously suppressing the phase in the range from approximately 180°to 0°at frequencies slightly below the resonance in device B [ Fig. 3(b) ]. Consequently, an extremely large phase modulation results within the 
Full-range gate-controlled phase modulation. Gatedependent reflection phase spectra of (a) device A with a mesa size of 110 μm × 160 μm and (b) device B with a mesa size of 100 μm × 160 μm. For both devices, the thickness of the SU8 spacer is 60 μm, and the mesa array has a period of 240 μm in both the x and y directions. The incident THz wave is polarized along the short axis of the mesa. The spectrum measured on an Al mirror is used as the reference. A large phase modulation is obtained in the shaded region.
frequency interval between the two resonances [shaded region in Figs. 3(a) and 3(b)], with a maximum modulation range of 243°at 0.48 THz. The range of modulation, although already wide, can be further increased by decreasing the overall absorption of graphene and the SU8 spacer [44] . We note that the wide-range phase modulation is accompanied by a reduction in the reflectance (see Fig. S7 in Supplemental Material [44] ), which may limit utilization of the graphene metasurface in applications requiring high light throughput efficiency. Nevertheless, the tunable graphene metasurface may lead to applications where light throughput is not a primary concern. For example, the two metasurfaces may serve as independently gated "phase bits" to actively control the THz wave fronts; a device design protocol using such phase bits is presented in Appendix D. In addition, our metasurfaces may provide building blocks to realize tunable mathematical operations [45, 46] , where strong reflectance modulation is needed.
The gate-induced critical transition in the graphene metasurfaces-the main cause of the observed large phase modulation-can be qualitatively understood by modeling the system as a one-port resonator (with resonance frequency f 0 ) within the framework of CMT [39] . The Al plane completely eliminates the transmission through the resonator, and only the reflection channel must be considered (hence, the name "one port"). The loss in the resonator occurs for two reasons: absorption within the resonator and radiation leakage to external modes. The loss resulting from absorption is denoted as intrinsic loss Γ i , whereas that caused by radiation is termed radiation loss and is represented by Γ r . Analysis based on CMT showed that the reflection coefficient r of such a system can be generally expressed as [39] 
with f being the incident wave frequency. The evolution of r is most accurately reflected by Smith curves, which are traces of r on the complex plane as f increases from 0 to ∞. All of the curves start and end at points close to r ¼ −1 [ Fig. 2(e) ]. However, they cross the real axis (when in resonance, i.e.,f ¼ f 0 ) at locations determined by r, where r ¼ ðΓ r − Γ i Þ=ðΓ r þ Γ i Þ; the sign of Γ r − Γ i dictates whether the curves enclose the origin. Thus, the relative amplitudes of Γ r and Γ i govern the behavior of the reflection phase as f passes the resonance frequency. When Γ r < Γ i , the Smith curve does not enclose the origin; therefore, the resulting phase variation is less than 180°a cross the resonance [ The proposed resonator model is supported by finitedifference time-domain (FDTD) simulations performed on realistic structures. The simulations quantitatively reproduce all the experimental observations in Figs. 2 and 4 (see also Appendix A). They further show the crucial role played by graphene in driving the critical transition: The doping of graphene essentially increases Γ i of our device, but has limited influence on Γ r , which is predominantly determined by the geometry of the metasurface (see Appendix B).
Valuable insights into the working mechanism of the proposed gate-tunable metasurface can be gained through FDTD simulations. For low graphene doping (Γ i < Γ r ), the metasurface (including graphene) is highly transparent. The simulations show that THz waves penetrate deep into the resonator before they are absorbed, and the near-field coupling between the Al mesa and the Al plane leads to magnetic resonance. However, at high doping levels (Γ i > Γ r ), the large size of the absorption prevents the waves from reaching the Al plane to establish near-field coupling between the mesa and the plane (see Appendix A). The gate-tunable metasurface thus behaves as an electric reflector with a small phase variation across the resonance. Thus, graphene, under gate control, clearly serves as a tunable lossy medium; the variable loss breaks the delicate balance between Γ i and Γ r , thereby inducing a critical transition accompanied by a large phase modulation.
Because Γ r , and to a large extent Γ i , depends critically on the metasurface geometry, our model further predicts that the critical transition can also be tuned by modifying the structure of the metasurface. FDTD simulations show that a thinner spacer layer between two metallic layers leads to stronger near-field coupling, resulting in the Q factor of the resonance being larger (and therefore a lower Γ r ). A lower Γ i is then required at the critical transition; therefore, decreasing the spacer layer thickness shifts the transition point toward low doping levels in graphene. A further decrease in the thickness eventually makes Γ r lower than Γ i, even without contribution from the graphene. Doping graphene then causes only the metasurface to become more overdamped because doping can increase only Γ i . Consequently, the critical transition point completely disappears. These predictions are finally compared against the gate-frequency phase diagrams obtained for metasurfaces with 60-μm Having understood the working mechanism of the proposed metasurface, we proceed to formulate a general strategy for designing tunable metastructures with a large phase modulation. We start by analyzing the nature of the critical transition point, which is a precondition for the large phase modulation. At the critical point, Γ r ¼ Γ i implies that the system acts as a perfect absorber [47, 48] . For two-port resonators adopted in previous studies [37] , the time-reversed version of such a perfect absorber emits symmetrically to both ports of the resonator; therefore, the critical point (perfect absorption) is reached only when the resonator is excited from both ports simultaneously. In a realistic device in which the resonator is excited from only one side, the critical condition can never be satisfied for finite Γ i . The lack of a critical transition is shown clearly in the Smith curves of the transmission coefficient t for the two-port model [ Fig. 2(f) ]. For this model, all the curves do not enclose the origin, even in the limiting case Γ i ¼ 0 [ Fig. 2(f), broken line] , and lead to a limited phase modulation, a problem that hindered previous attempts [37] . Analyzing these competing schemes provides a general guideline for designing graphene-based phase modulators: use systems that support the critical point and use graphene as a tunable loss material to access both sides of the critical transition. Detailed discussions are presented in Appendix C.
Finally, we demonstrate a gate-tunable polarizer using the proposed graphene metasurface [ Fig. 5(e) ]. The Al mesas are replaced by stripes; thus, the system exhibits magnetic resonance only for polarization in the x direction (Ẽ∥x). On being gated, graphene significantly modulates both the reflectance and phase spectra [Figs. 5(a) and 5(b)] because of the critical transition accompanied by a large phase modulation. However, the reflection for waves polarized in the y direction is hardly tuned by graphene because of the lack of resonance [44] . Such an anisotropic response can be readily used for controlling the polarization. As shown in Figs. 5(c) and 5(d), the reflectance ratio jr x j=jr y j and phase difference ϕ x − ϕ y in the x and y directions are effectively tuned by varying V g , leading to a dramatic modulation in the polarization state of the reflected wave. As an example, we fix the frequency at 0.63 THz and linearly polarize the incident wave at an angle of 32°with respect to the x axes. The reflected wave is thereby elliptically polarized because of the anisotropic response of our polarizer. The polarization of the reflected wave, characterized by two parameters [the ratio between the semiminor and semimajor axes of the ellipse (S=L), and the angle θ between the semi-major and x axis; inset of Fig. 5(e) ], could then be widely tuned using graphene under gate control [ Fig. 5(f) ]. The working efficiency of our tunable polarizer is ∼40%, as a result of the reflectance reduction for x polarization [44] .
In conclusion, we propose a novel loss-driven mechanism to achieve a wide-range phase modulation and experimentally demonstrate the mechanism in the THz regime with metasurfaces integrating magnetic resonators and gate-controlled graphene. The overall thicknesses of the metasurfaces are in the deep subwavelength regime. A one-port resonator model explains the essential features of the proposed metasurfaces, and further reveals the crucial role of graphene as a gatetunable loss in modulating the critical transition in the resonator, leading to an extremely large phase modulation.
Our full-range tunable local phase control opens the door to exciting photonic applications in the THz regime. We present a gate-tunable polarizer as an early demonstration of the capability of our graphene metasurfaces. Z. M., Q. W., and X. L. equally contributed to this work.
APPENDIX A: FDTD SIMULATIONS OF THE PROPOSED METASURFACES

Simulation model
The conductivity of graphene in the THz regime can be described by the linear-response theory under the random phase approximation, which comprises only intraband contributions [49] :
where v f is the Fermi velocity of electrons in graphene (approximately 9 × 10 5 m=s) [24] , n is the two-dimensional electron density of graphene, and Γ is a phenomenological constant accounting for the electron scattering rate (damping). In the FDTD simulations, graphene was modeled as a thin dielectric layer of thickness d and with an anisotropic dielectric function [50] given by ε
is the standard Drude form. Here,ε r1 and ε r2 are dielectric constants of two media surrounding graphene and d is set as 1 nm. Notably, d is much larger than the real thickness of graphene, 0.3 nm. However, it was shown in Ref. [37] that the exact value of d does not influence the final result as long as d is considerably smaller than the wavelength, which is the case in our simulations. We assume that n is related to the gate voltage ΔV g through n ¼ ðn 0 2 þ α 2 jΔV g j 2 Þ 1=2 , where α is the gate capacitance in the ion-gel-based gating scheme and n 0 is the residual carrier density [37] , determined by fitting experimental data. We treat Al as a lossy metal in the FDTD simulations. The optimal simulation results are obtained when the electrical conductivity of Al is set to 10 6 S=m, which is considerably lower than the bulk value of 3.5 × 10 7 S=m [51] . Such a difference in the electrical conductivity between bulk and thin-film Al has also been observed in previous THz measurements [52] . The SU8 spacer is treated as a dielectric insulator with ReðεÞ ¼ 3.5 and ImðεÞ ¼ 0.28. All of these parameters are determined by carefully comparing the FDTD results with experimental data for various samples (metasurfaces without graphene).
Simulation results and discussions
We perform extensive FDTD simulations for all of the cases experimentally characterized in the main text. To acquire a deeper understanding of the resonance in the underdamped and overdamped regimes, we perform FDTD simulations to calculate the field patterns for two representative cases. The field patterns for the underdamped and overdamped metasurfaces are shown in Figs. 8(a) and 8(b) , respectively. In the case of the underdamped resonator [ Fig. 8(a) ], waves penetrate deep into the metasurface, establishing near-field coupling between the two metallic layers, and causing magnetic resonance. By contrast, waves are directly reflected by the top mesa layer, preventing them from entering the metasurface [ Fig. 8(b) ]. This explains the simulated metasurface as an electric reflector when it is located in the overdamped region; specifically, only the top mesa layer reflects THz waves.
APPENDIX B: GRAPHENE AS A TUNABLE LOSS IN THE METASURFACE: ANALYSIS BASED ON CMT
To understand the crucial role of graphene in modulating the resonance behavior of the metasurfaces, we analyze the effect of graphene doping by using the CMT formula in Eq. (1) . Although in principle the CMT is quantitatively valid only for high-Q resonators [39] , our analyses (presented below) show that the qualitative behavior of the resonant systems (with moderate Q factors) is effectively described by the CMT.
We determine the radiation loss Γ r and intrinsic loss Γ i at different gate voltages by fitting the corresponding FDTD simulation results with Eq. (1). We choose to fit the FDTD simulation results rather than experimental data because (a) all experimental features are effectively reproduced by the FDTD simulations and (b) the fitting is highly sensitive to the shape of the curve at the resonance; fluctuations in the measured spectra render any fitting to experimental data unreliable. Because the CMT is valid only at frequencies near the resonance [39] , to obtain reliable fitting results, we perform the fitting procedure in a frequency interval FIG. 8. Comparison of the field pattern between the underdamped and overdamped resonators. (a) Simulated H y distribution in the xz plane for the graphene metasurface with a 60-μm-thick SU8 spacer layer. The size of the Al mesa is 160 μm × 120 μm, and the mesa array periodicity is fixed at 240 μm × 240 μm (only one mesa is shown here). The carrier density of graphene is set at 2.0 × 10 11 cm −2 , which places the resonator in the underdamped region. (b) Simulated field distribution when the resonator is in the overdamped region (graphene carrier density 1.45 × 10 13 cm −2 ). In both cases, the devices are illuminated by normally incident plane waves polarized such thatẼ∥x.
centered at the resonance. We then vary the bandwidth of the interval and ensure that the obtained fitting results converge and are nearly independent of the bandwidth. Figure 9 shows a comparison of the FDTD-simulated and CMT-fitted results for the metasurface with an 85-μm-thick spacer for three typical gating voltages. Reasonable agreement between the two results can be seen. In particular, the qualitative behavior of the resonance (i.e., at a phase variation of 360°or less than 180°) is effectively reproduced by the CMT results. Figure 10 shows how the obtained values of Γ r and Γ i , scaled by the corresponding resonance frequency f 0 , vary with the gate voltage ΔV g in different devices. Two conclusions can be drawn from this result. First, increasing the carrier density in graphene (by increasing ΔV g ) increases Γ i but leaves Γ r almost unchanged. Second, when the graphene doping level is fixed, the metasurface with the thinner spacer layer exhibits lower radiation loss. Therefore, sections of the resonances in the metasurfaces with 85-and 60-μm spacer layers are located in the underdamped region, whereas all resonances in the metasurface with a 40-μm-thick spacer layer are located in the overdamped region because of lower radiation loss of the system. The device with a 40-μm-thick spacer does not show a transition with an increase in ΔV g because gating can only increase the intrinsic loss, driving the system farther away from the transition boundary. Figure 10 clearly shows that Γ r varies with the spacer layer thickness. We perform FDTD simulations to further quantify the effect of the spacer layer thickness on Γ r .
We compute the Q factor (which is inversely proportional to Γ r ) of a series of devices with different spacer thicknesses. To specifically delineate the effect of the spacer thickness on the radiation loss, all materials (both metal and SU8) are assumed to be dissipationless (i.e., the intrinsic loss is set to 0). In Fig. 11 , the Q factor is shown as a function of the spacer layer thickness. A thinner spacer layer corresponded to a higher Q factor, which explains the decrease in the radiation loss with a decrease in the spacer layer thickness (Fig. 10) . A metasurface with a thinner spacer shows a stronger near-field coupling between two metallic layers, leading to a higher Q factor and therefore lower Γ r . Such an intriguing effect has previously been discussed for a similar system [53] .
APPENDIX C: CMT-BASED ANALYSIS OF A TWO-PORT RESONATOR
According to the CMT [39] , for a background medium (without the resonant structure) that is completely transparent (i.e., t 0 ¼ 1, r 0 ¼ 0), we obtain the following expressions for the two-port, single-mode model:
The Smith curves for the transmission coefficient t are plotted in Fig. 2(f) . Here, we present the Smith curves for the reflection coefficient r in Fig. 12 . Again, no critical transition is observed in r when the doping level is varied. In general, the background medium may not be completely transparent, but it shows finite transmission (t 0 ) and reflection (r 0 ). A generalized model based on the CMT yields
with e iΦ ¼ −ðt 0 þ r 0 Þ=jt 0 þ r 0 j [39] . Calculations based on Eq. (C2) show that the Smith curves are now tilted (Fig. 13) . However, our conclusion (i.e., lack of critical transition in two-port resonators) still holds, even in the limiting case Γ i ¼ 0 (broken lines, Fig. 13 ).
APPENDIX D: GATE-TUNABLE GRATING BASED ON GRAPHENE METASURFACES
In the main text, we demonstrate the active modulation of the reflection phase by almost 2π by using two independently gated graphene metasurfaces (Fig. 3) . Here, we show how these two metasystems can be used as basic "phase bits" to actively control the diffraction of THz waves. Specifically, we demonstrate a gate-tunable FIG. 11 . Q factors as a function of the spacer layer thickness. All materials in the metasurface are assumed to be dissipationless. The geometry of the Al mesa layer is identical to the geometry shown in Fig. 4 , and only d is varied. diffraction grating by using numerical simulations (COMSOL Multiphysics).
The device configuration is shown in Fig. 14(a) . The metasurface consists of two types of stripes [stripes A and B, shown in Fig. 14(a) ] ordered in a one-dimensional AB lattice. Stripes A and B are 720-μm wide and consist of pixels of the same size as those in samples A and B discussed in Fig. 3 [inset of Fig. 14(a) ]. Two independent external gates control the doping of stripes A and B [ Fig. 14(a) ]. The simulation shows that the reflection wave front of the device could be modulated by varying the two gate voltages V A and V B . Figure 14(b) shows how the zeroorder reflectance (denoted by jρ 0 j 2 ) and the first-order reflectance (denoted by jρ AE1 j 2 ) vary with V B when V A is fixed at 1.32 V and f ¼ 0.48 THz. The device behaves as a grating (with predominantly first-order diffractions) at V B ¼ 0 V, and it acts as a normal mirror (with only specular reflection) when V B increases to 2.34 V [insets of Fig. 14(b) ].
The mechanism of such a gate-tunable diffraction gating is as follows: V B continuously modulates the phase difference (ϕ A − ϕ B ) between the waves reflected by the two stripes. The phases cancel each other at V B ¼ 0 V (where ϕ A − ϕ B ≈ 180°), leaving only first-order diffractions; however, the phases reinforce each other at V B ¼ 2.34 V (where ϕ A − ϕ B ≈ 0°), resulting in the domination of specular reflection.
In the simulation, we choose gating voltages such that the reflection amplitudes of the stripes A and B are nearly identical in the two extreme cases (i.e., V B ¼ 0, 2.34 V). Two parameters are fixed: α ¼ 2 × 10 13 cm −2 V −1 and n 0 ¼ 2.26 × 10 11 cm −2 . Without loss of accuracy, we simplify the simulation by replacing the stripes with their effective media that have the same reflection amplitudes and phases.
